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Two-dimensional Nuclear Magnetic Resonance (NMR) is essential in molecular structure deter-
mination. The Nitrogen-Vacancy (NV) center in diamond has been proposed and developed as an
outstanding quantum sensor to realize NMR in nanoscale. In this work, we develop a scheme for
two-dimensional nanoscale NMR spectroscopy based on quantum controls on an NV center. We
carry out a proof of principle experiment on a target of two coupled 13C nuclear spins in diamond.
A COSY-like sequences is used to acquire the data on time domain, which is then converted to fre-
quency domain with the fast Fourier transform (FFT). With the two-dimensional NMR spectrum,
the structure and location of the set of nuclear spin are resolved. This work marks a fundamental
step towards resolving the structure of a single molecule.
Molecular structure analysis is a cornerstone of biol-
ogy, chemistry and medicine. Among three vastly used
techniques for structure analysis, X-ray [1], electron mi-
croscopy [2], and nuclear magnetic resonance (NMR) [3–
5], NMR is the promising technique to reveal the struc-
ture information with nondestructive in vivo detection at
room temperature. However, the conventional NMR re-
lays on a large ensemble of molecules to obtain a sufficient
good signal-to-noise ratio, which will average out some
individual properties. NMR for single molecule structure
analysis is of paramount importance, and a crucial step
of this is single molecular two-dimensional NMR spec-
troscopy (2D NMR).
Thank to high sensitive atomical-scale NV centers [6,
7], nanoscale magnetic resonance spectroscopy has been
developed rapidly over the past years. One-dimensional
nanoscale NMR [8–10], single spin sensitivity NMR [11],
single molecule magnetic resonance [12, 13], the detection
of macroscopic-scale chemical shift and J-coupling [14,
15], the 2D spectrum of NV-nuclear spin system [16, 17]
and microscopic 2D NMR[18] have been realized with NV
centers. While these works on nanoscale NMR make it
possible to provide unprecedented insight into molecule
structure, 2D nanoscale NMR [19, 20] is critical for the
unambiguous determination of molecule structure (Fig.
1(a)).
In the present work, we propose a scheme for structure
reconstruction of single molecule by 2D nanoscale NMR
based on the NV center in diamond. We carry out an ex-
periment to characterize a pair of coupled 13C nuclear
spins in diamond and demonstrate experimentally 2D
nanoscale NMR spectroscopy. The 2D information ob-
tained offers high-confident analysis of three-dimensional
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FIG. 1. Characteristics of the nuclear spin clusters with one-
dimensional NMR. (a) An [111]-orientated CVD-grown dia-
mond is used in the experiment. We study a NV-nuclear
spins system while focus on two coupled 13C nuclear spin clus-
ter. (b) Pulse sequence. Upper, dynamical decoupling control
sequence. Lower, correlation spectroscopy control sequence.
(c) Dynamical decoupling spectroscopy show the resonant fre-
quency of the nuclear spins with ωL−A‖/2. The fine spectrum
is necessary to be investigated by high resolution correlation
spectroscopy. We focus on the region labeled with red. (d)
Fourier spectra of correlation spectroscopy on one of the 13C
spin cluster is observed with 180 mT magnetic field.
molecular geometry structure. In the end, we evaluate
the performance of our scheme on a typical single pro-
tein.
We use a single NV center in a CVD-grown diamond
with a natural abundance (1.1 %) of 13C nuclear spins
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2(Fig. 1(a)). The NV electron spin is used as a quantum
sensor to probe 13C nuclear spins cluster, with the pulse
sequence plotted in Fig. 1(b), through dynamical decou-
pling spectroscopy [21, 22]. The NV electron spin is pre-
pared in the superposition state |+〉 = (|0〉 + |−1〉)/√2.
During the controlled evolution, the coherence of NV
electron spin decreases, leading to a dip on resonance
by τ = 1/2(ωL − A‖/2), where ωL is the Larmor fre-
quency of nuclear spin and A‖ is the parallel component
of hyperfine interaction between NV electron spin and
nuclear spin. The dips of the spectrum in Fig. 1(c) re-
veal nuclear spins with different hyperfine interactions.
The high resolution correlation spectroscopy [23, 24] is
then applied to the NV and nuclear spins system to re-
solve the fine structure of spectrum by focusing on the
red region in Fig. 1(c) with center frequency ωL =1.71
MHz. Dynamical decoupling protocol with time interval
resonant with ωL is applied, and the correlation between
the first and the second dynamical decoupling protocols
is recorded. During the free evolution in between, the
nuclear spins’ evolution are dependent on the electron
spin states ms = |0〉 , |−1〉. Thus, the spectrum contains
different peaks centered at ω0 = ωL and ω−1 = ωL −A‖.
Actually, the spectrum in Fig. 1(d) shows two peaks for
both ms = |0〉 and ms = |−1〉 subspaces.
However, such a spectrum in Fig. 1(d) alone could
allow different interpretations. It may correspond to a
two coupling nuclear spin cluster or three isolated nu-
clear spins (see [25] section IIA). The one-dimensional
NMR spectrum alone cannot discriminate these differ-
ent interpretations. A two-dimensional correlation map
is then necessary to provide such important information.
In analog to the COSY spectroscopy in conventional
NMR, we develop a two-dimensional protocol to inves-
tigate such correlation map of target nuclear spins (Fig.
2(a)). The Hamiltonian for the system of an NV sen-
sor and two nuclear spins is H = ωL(I1,z + I2,z) + S ·
(A1 · I1 +A2 · I2) + I1 · J · I2, where S is the NV elec-
tron spin, Ii is the ith nuclear spin, Ai is the hyperfine
coupling between NV and nuclear, J is dipolar coupling
interaction between two nuclear spins. The NV sensor
is driven with the dynamical decoupling sequence which
is in resonant with the red region center frequency in
Fig. 1(b). Then the target nuclear spin I1 is initial-
ized to the transverse direction. During an interval of
0 to t1, the two nuclear spins I1 and I2 interact and
a phase φ1 = (ωL + A1,‖Sz + Jzzm1m2)t1 is accumu-
lated in the first nuclear spin, where A1,‖ is the parallel
component of the hyperfine interaction of the NV sen-
sor with I1, and Jzz is the zz component of the cou-
pling between nuclear spin I1 and I2. Then a series of
N=40 dynamical decoupling pi pulse is applied, which
corresponds to half pi pulse on the nuclear spin. A free
evolution of duration t2 comes afterwards, another phase
φ2 = (ωL + A1,‖Sz + Jzzm1m2)t2 accumulates. In the
end, another dynamical decoupling sequence is applied
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FIG. 2. Two-dimensional nuclear magnetic resonance and
structure analysis on the coupled nuclear spin system. (a)
The experimental pulse protocol. The sequence is the ex-
perimental realization of the nanoscale homonuclear COSY
two-dimensional nuclear magnetic resonance on NV center.
(b) We sweep t1 and t2 from 4 µs to 0.9 ms with 50 sam-
plings. The time spectroscopy then converts to frequency
spectroscopy in (c) by two-dimensional FFT transformation.
(c) 2D NMR spectrum. There are cross peaks between the
3rd and 4th peaks in one-dimensional spectrum upside, which
indicate that they belong to a coupled spin system.
to read out the transverse component of the nuclear spin.
Sweeping the duration time t1 and t2 from 4 µs to 0.9
ms, the correlation map is realized, as shown in Fig. 2(b).
The 2D FFT spectrum in Fig. 2(c) clearly shows the
correlations of peaks of the one-dimensional spectrum,
i.e. which peaks belong to the same spin system. In
detail, the cross peaks between the 3rd and 4th peaks
indicate that they belong to a coupled spin system. The
3rd and 4th peaks correspond to the condition ms = −1,
while the 1st and 2nd peaks correspond to ms = 0.
From the spectrum, we can obtain the bond length of
off-axis 13C-13C nuclear spins. The optimally estimated
bond length is 1.52 ± 0.02 A˚ (Fig. 3(a)), ([25] section II
D). We also resolve the position of the nuclear spin clus-
ter in the diamond lattice as shown in Fig. 3(b). The
position is uniquely determined to be one of a set of sym-
metrically equivalent positions. Using these parameters,
the simulated 2D spectrum is shown in Fig. 3(b), which
fits well with the experiment spectrum (minor difference
in the 1st and 2nd peaks due to field fluctuation).
The demonstrated two-dimensional NMR technique,
with potential improvements in the sensor fabrication,
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FIG. 3. Structure analysis on the coupled nuclear spin system.
(a) Estimation of the bond length of 13C. (b) The resolved po-
sition for the nuclear spin cluster. (c) The simulated spectrum
according to the resolved nuclear spin cluster position.
may enable the capability to resolve the structure of a
single molecule. We consider as an example the single
avian pancreatic polypeptide molecular placed at a sim-
ilar distance as the 13C nuclear spin cluster to the NV
center. Without loss of generality, two amino acid are
labeled with 13C and 15N as shown in Fig. 4(a). To re-
solve the molecule structure, 13C and 15N are observed
at the same time to get heteronuclear coupling. A non-
periodical multi-nuclear species correlation sequence is
introduced here (Fig. 4(b), [25] secrion III B). It con-
sists of pi pulses inserted on zeros of cos(ωit) between
two pi/2 pulses to observe nuclear spins with all differ-
ent frequency ωi. Unlike in an ensemble NMR experi-
ment, the strong gradient field (about 0.1 mT/nm) from
NV center [11] splits the homonuclear spins spectrum
of a single molecule. With an artificially fabricated an-
tena [26], a much larger gradient up to 10 mT/nm is
possible. Utilized by multi-nuclear species correlation se-
quence, the 2D heteronuclear spin resonance sequence is
shown in Fig. 4(d) in analog to the homonuclear one
(Fig. 3(a)). Then the simulated two-dimensional NMR
spectrum is demonstrated in Fig. 4(d), the correspond-
ing nuclear spins frequencies are labeled along the axis.
The off-diagonal non-zero terms correspond to the cou-
pling between different nuclear spins. By rotation the
polar angle between the external magnetic field and the
NV center, the dipolar interaction tensors are measured
to characterize the distances between nuclear spins ([25]
section III D). By solving the discretizable molecular dis-
tance geometry problem, the molecule conformation is
resolved (Fig. 4(e)) with a resolution 0.3 nm.
Overall, the 2D nanoscale NMR spectrum of a single
cluster of two coupled nuclear spins is demonstrated by
using a quantum sensor of the NV center in diamond.
Equipped with a high sensitive NV sensor, the length of
chemical bonds is resolved under 2D nanoscale NMR in
diamond. Although the structure of a single cluster of
two nuclear spins has previously been resolved [27], a 2D
correlation spectroscopy is still necessary to resolve the
structure of more complicated molecule or nanostructure.
The 2D nanoscale NMR spectroscopy reported here, to-
gether with previous work on nanoscale NMR, can yield
valuable structural information as opposed to bulk NMR,
where the couplings typically hamper structure analysis.
The spectral resolution can be improved by, for exam-
ple, the Qdyne technique [28, 29] and weak measurement
readout [30, 31]. The sensitivity can be improved by
more efficient readout method [32]. With further im-
provements, our 2D nanoscale NMR method has the po-
tential to characterize the structure of a single molecule
or conformational dynamics at single molecule level that
is not accessible by conventional methods.
In the process of preparing the manuscript, a similar
work just appears on arXiv [17].
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FIG. 4. Molecule structure analysis by 2D nanoscale NMR. (a) The experimental scheme. A protein molecule placed 1nm
from NV sensor. The structure of two amino acids labeled with 13C and 15N is detected with NV sensor. (b) Pulse sequence
for homo- and hetero- NMR spectra. Upper and middle, periodical pulse sequence for different single nuclear species, the
same as the dynamical decoupling sequence previously used. The pulse sequence filters out single nuclear species signal.
Lower, nonperiodical pulse sequence probing two nuclear species at the same time. (c) Pulse sequence for homonuclear and
heteronuclear magnetic resonance spectra. Similar to homonuclear spin two-dimensional NMR sequence, multi-nuclear species
sequence works as initialization and correlation part, the middle RF pi/2 pulse operates on all nuclear species. (d) The 2D
nanoscale single molecule NMR simulated according to the pulse sequence in (c). (e) From the simulated single molecule
two-dimensional NMR spectrum, the 3D geometry of protein structure is then reconstructed from the couplings with standard
deviation 0.3 nm.
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